Abstract. C-X-C motif chemokine ligand 8 (CXCL-8) promotes cell homing and angiogenesis. However, under hypoxic conditions, the role of CXCL-8 in the homing of human umbilical vein endothelial cells (HUVECs), and its effect on the healing of skin ulcers caused by ischemia and hypoxia remain unknown. In the current study, assays measuring cell proliferation, in vitro angiogenesis and cell migration were performed to evaluate alterations in the proliferation, angiogenic capacity and chemotaxis of HUVECs treated with CXCL-8 protein and/or an Akt inhibitor (AZD5363 group) under hypoxic conditions. Changes in the levels of Akt, signal transducer and activator of transcription 3 (STAT3), vascular endothelial growth factor (VEGF), malondialdehyde (MDA) and total-superoxide dismutase (total-SOD) were also detected by western blotting and ELISA. In addition, in vivo experiments were performed using a skin ulcer model in mice. Ischemic and hypoxic skin ulcers were created on the thighs of C57BL/6J mice, and the effects of CXCL-8 and HUVEC transplantation on the healing capacity of skin ulcers was determined by injecting mice with HUVECs and/or CXCL-8 recombinant protein (CXCL-8, HUVEC and HUVEC + CXCL-8 groups). Vascular endothelial cell homing, changes in vascular density and the expression of VEGF, SOD, EGF and MDA within the ulcer tissue were subsequently measured. In vitro experiments demonstrated that HUVEC proliferation, migration and tube forming capacity were significantly increased by CXCL-8 under hypoxic conditions. Additionally, levels of VEGF, MDA and SOD were significantly higher in the CXCL-8 group, though were significantly decreased by the Akt and STAT3 inhibitors. In vivo experiments demonstrated that the expression of VEGF, total-SOD and EGF proteins were higher in the skin ulcer tissue of mice treated with CXCL-8 + HUVEC, relative to mice treated with HUVECs alone. Furthermore, vascular endothelial cell homing and vascular density were significantly increased in the CXCL-8 + HUVEC group, indicating that combined use of HUVECs and CXCL-8 may promote the healing of ischemic skin ulcers. The present results demonstrate that CXCL-8 may stimulate vascular endothelial cells to secrete VEGF, SOD and other cytokines via the Akt-STAT3 pathway, which in turn serves a key regulatory role in the recruitment of vascular endothelial cells, reduction of hypoxia-related injury and promotion of tissue repair following hypoxic/ischemic injury.
Introduction
Cardiovascular and cerebrovascular diseases are typically caused by atherosclerosis in the heart, brain and kidney tissues (1) . In general, atherosclerosis reduces blood flow, and therefore oxygen supply, to tissues, causing various cell functions to be impaired, such as the vascular endothelial cells (2, 3) . This frequently leads to the development of severe diseases associated with the cardiovascular system, nervous system, liver, kidney and other tissues and organs, resulting in increased patient mortality rates (4, 5) . Atherosclerosis and its complications, including heart attack and stroke, are critical public health problems, and diseases caused by hypoxia put major pressure on social health resources (6) . Promoting the expansion of blood vessels, use of hyperbaric oxygen and antioxidant treatments are the main strategies currently used to alleviate the effects of hypoxia when secondary to atherosclerosis (7, 8) , although these methods are exogenous corrective measures and their long-term applications are associated with serious side effects (9) . Thus, current therapeutic strategies are limited, and future studies are warranted to identify methods that improve the symptoms of hypoxia and/or promote the recovery of organ function (10) .
Vascular endothelial cells and mesenchymal stem cells (11) have the ability to self-regenerate and thus facilitate the repair of damage tissue; however, hypoxic conditions generally decrease the activity of these cells, resulting in ineffective tissue repair (12, 13) . Mobilizing endogenous cells to participate in tissue repair may accelerate the recovery of damaged tissues, restore organ functionality and avoid the side effects associated with the use of exogenous drugs (12, 13) . Identifying improved methods of repairing tissue damage following hypoxic injury is a primary focus of regenerative medical research and may prove useful in the prevention and treatment of vascular diseases.
A lack of blood vessels within a tissue produces a hypoxic environment, leading to decreased biological activity of the surrounding cells. Thus, protecting the anti-hypoxic properties of transplanted cells and improving the local hypoxic environment is a key issue when using cell-based therapies. A previous study of cervical cancer reported that the vascular density of malignant astrocytoma and other tumor tissues decreases as a tumor increases in size, causing hypoxia and other microenvironmental changes (8) . In a hypoxic environment, high expression of C-X-C motif chemokine ligand 8 (CXCL-8) may promote tumor cells to secrete interleukin (IL)-6, vascular endothelial growth factor (VEGF) and other inflammatory factors, which regulate vascular endothelial cell homing, accelerate angiogenesis and reduce hypoxia in the tumor microenvironment. This process is associated with the progression and metastasis of tumors (14) . Previous results have also demonstrated that CXCL-8 has marked stimulatory effects on cell homing and angiogenesis (15) .
Within a hypoxic environment, CXCL-8 interacts with C-X-C motif chemokine receptor (CXCR) 1/2 on the membrane of vascular endothelial cells (15, 16) . This interaction may promote vascular endothelial cell homing, mobilize cells to participate in the repair of hypoxia-related tissue damage and accelerate angiogenesis (17) . However, the effect of CXCL-8 on vascular endothelial cell homing within a hypoxic environment is not well established. Therefore, in the present study, a hypoxic cellular model was used to observe the effects of CXCL-8 on the proliferation, apoptosis and angiogenesis of vascular endothelial cells, and analyze changes in the Akt signaling pathway, VEGF, EGF, total SOD, and MDA. Furthermore, the effects of CXCL-8 on HUVEC homing and the role of CXCL-8 in promoting the healing of ischemic skin ulcers were analyzed in the C57BL/6 J hypoxic mice skin ulcer model to provide a research basis for the recruitment of host cell homing to promote tissue repair.
Materials and methods
Cell culture and experimental groups. Human umbilical vein endothelial cells (HUVEC/TERT 2) were purchased from the American Type Culture Collection (cat. no. CRL-4053; Manassas, VA, USA). HUVECs were cultured in L-glutamine Dulbecco's modified Eagle's medium (DMEM; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml penicillin and 100 mg/ml streptomycin (both obtained from Sigma-Aldrich; Merck KGaA, Darmstadt, Germany). Cells were cultured in a hypoxic incubator at 37˚C with 5% CO 2 , 3% O 2 and 92% N 2 mixed gas for 24 h to produce a cell model of hypoxia, as described previously (18) .
A total of 1x10 6 HUVECs cultured in a normoxic environment at 37˚C in an atmosphere containing 5% CO 2 for 24 h were used as a 'normal control group'. HUVECs that were stimulated by 100 ng/ml recombinant human CXCL-8 protein (cat. no. 208-IL; R&D Systems, Inc., Minneapolis, MN, USA) at 37˚C for 24 h prior to culture in the hypoxic conditions were defined as the 'CXCL-8 group'. An additional group were pre-treated with 6 µmol/l AZD5363 (cat. no. S8019; Akt inhibitor; Selleck Chemicals, Houston, TX, USA) at 37˚C for 30 min ('AZD5363 group'), then washed with 0.01 mol/l phosphate-buffered saline (PBS) before addition of 100 ng/ml CXCL-8. HUVECs without any stimulation were used as a 'hypoxia group'.
Cell counting proliferation assay. A total of 3x10 4 HUVECs were harvested for each group and seeded into 96-well plates at 37˚C for 12 h. The medium was discarded and cells were subsequently washed three times with 0.01 mol/l PBS and fresh L-glutamine DMEM was added. The cell counting kit-8 (CCK-8) reagent (10 µl; Dojindo Molecular Technologies, Inc., Kumamoto, Japan) was then added to each treatment group at 37˚C for 4 h. A Multiskan FC microplate photometer (Thermo Fisher Scientific, Inc.) was used to measure the absorbance [optical density (OD) value] at 490 nm in each group.
DNA fluorescence proliferation assay [5-ethynyl-2'-deoxyuridine (EdU) incorporation assay].
HUVECs were seeded onto glass slides (1x10 4 cells/slide) and cultured in the L-glutamine DMEM at 37˚C with 5% CO 2 for 24 h. The different experimental treatments were performed (as described above) and, after 12 h in culture at 37˚C, 100 µl paraformaldehyde solution (4%; Sigma-Aldrich; Merck KGaA) was added to cells at room temperature for 30 min. Slides were subsequently incubated with 100 µl 0.5% Triton X-100 solution (Sigma-Aldrich; Merck KGaA) at room temperature for 10 min, then with 100 µl 1X Apollo reaction liquid (Guangzhou RiboBio Co., Ltd., Guangzhou, China) at room temperature for 30 min in the dark. Nuclei were stained with 5 µg/ml DAPI (Sigma-Aldrich; Merck KGaA) at room temperature for 20 min, mounted using Dako water soluble mounting medium (Dako; Agilent Technologies GmbH, Waldbronn, Germany). A total of 20 fields were observed under the TCS-SP2 laser confocal microscope (Leica Microsystems GmbH, Wetzlar, Germany), the cells with red staining were proliferated cells, and cell proliferation was evaluated using image-Pro Plus 7.0 image analysis software (Media Cybernetics, Inc., Rockville, MD, USA) (19) . Cells were washed two to three times with 0.01 mol/l PBS (Sigma-Aldrich; Merck) between each step.
Flow cytometry-based apoptosis detection. HUVECs were detached from culture plates using 0.25% Trypsin-EDTA (HyClone; GE Healthcare Life Sciences, Logan, UT, USA) and washed with 0.01 mol/l PBS three times. HUVECs from each group (2x10 5 cells) were resuspended in 200 µl Annexin V-fluorescein isothiocyanate (FITC) conjugate solution (1.25%; Invitrogen; Thermo Fisher Scientific, Inc.) and incubated at room temperature in the dark for 15 min before centrifugation at 4˚C and 1,000 x g for 5 min. A total of 200 µl propidium iodide (PI) solution (2%; Invitrogen; Thermo Fisher Scientific, Inc.) was then added and cells were incubated on ice for 2 min. Samples were centrifuged again at 4˚C and 1,000 x g for 5 min and resuspended in 400 µl 0.01 mmol/l PBS. A BD FACSAria II flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA) was used to detect cell apoptosis. The cell apoptosis numbers were calculated using image-Pro Plus 7.0 image analysis software (Media Cybernetics, Inc.).
Scratch-wound cell migration assay. HUVECs were cultured at 37˚C for 12 h in 6-well cell plates (1.5x10 6 cells/well; Corning Incorporated, Corning, NY, USA) containing HUVEC culture medium supplemented with 0.1% FBS. The tip of a P1000 pipette was used to create a scratch through the cell monolayer in each group. Hydroxyurea (2 mmol/l; Sigma-Aldrich; Merck KGaA) was also administered to inhibit cell proliferation. HUVECs were cultured at 37˚C for 24 h within a normal or hypoxic environment (as above). Cells were then washed three times with 0.01 mol/l PBS, fixed using 4% paraformaldehyde (Sigma-Aldrich; Merck KGaA) at room temperature for 4 h, and stained with 0.5% crystal violet (Sigma-Aldrich; Merck KGaA). Images of the cells were captured using a BX83 fluorescence microscope (Olympus Corporation). Image-Pro Plus 7.0 software (Media Cybernetics, Inc.) was used to measure the cell scratch area at 0 h and 24 h, and the wound closure rate was calculated, as previously described (20) .
Transwell cell migration assay. HUVECs were cultured at 37˚C for 24 h in HUVEC culture medium supplemented with 0.1% FBS, then 1x10 4 cells were added into the upper compartment of a 25-mm Transwell insert (pore diameter, 8.0 µm; Corning Incorporated). HUVEC medium (500 µl, 0.1% FBS) was added into the lower compartment, while according to the experimental grouping, 100 ng/ml recombinant human CXCL-8 protein and 6 µmol/l AZD5363 (Selleck Chemicals) were administered to cells in the upper compartment. After 8 h of incubation at 37˚C in normoxic or hypoxic conditions, cells in the upper compartment were removed, while migrated cells in the lower compartment were washed three times with 0.01 mmol/l PBS, then fixed with 4% paraformaldehyde at room temperature for 4 h, stained with 0.5% crystal violet and imaged using the BX83 microscope. Image-Pro Plus 7.0 software (Media Cybernetics, Inc.) was used to calculate the number of cells and the cell migration rate, as described previously (20, 21) .
Matrigel tube formation assay. Cultured HUVECs in each experimental group (4x10 5 cells) were resuspended in HUVEC culture medium with 0.1% FBS, then seeded into 8-well culture plates (Corning Incorporated) pre-coated with cytokine-free Matrigel (BD Biosciences). Cells were cultured at 37˚C for 12 h under normoxic or hypoxic conditions and imaged using the BX83 microscope (Olympus Optical Co.) to observe cell morphology. Image-Pro Plus 7.0 software was used to count the number of endothelial cell tubes formed, as described previously (21) .
Secretory factor ELISA. Cultured HUVECs (4x10 6 cells) were washed three times with 0.01 mmol/l PBS and one group of cells was pretreated with 60 µmol/l WP1066 III, as a specific inhibitor of signal transducer and activator of transcription 3 (STAT3; Santa Cruz Biotechnology, Inc., Dallas, TX, USA), for 30 min ('WP1066 group'). Cells were then washed three times with 0.01 mmol/l PBS, followed by addition of 100 ng/ml recombinant CXCL-8 to the WP1066 group. Other cell groups were treated according to the experimental groupings described above (normal control, hypoxia model, CXCL-8 and AZD5363 groups), and cells were incubated at 37˚C for 12 h. The supernatant of each group was collected, filtered using a 0.22-µm filter (Corning Incorporated) and stored at -80˚C until use.
ELISA kits were used to detect the concentrations of VEGF (cat. no. DVE00; R&D Systems, Inc.), epidermal growth factor (EGF; cat. no. DEG00; R&D Systems, Inc.), total superoxide dismutase (total-SOD; cat. no. STA-340; Cell Biolabs, Inc., San Diego, CA, USA) and malondialdehyde (MDA; cat. no. STA-832; Cell Biolabs, Inc.) in the supernatant from each experimental group, according to the manufacturer's protocol. A subset of supernatants was also stored in liquid nitrogen immediately after collection for subsequent western blot analysis to measure the expression of total-SOD, VEGF, MDA, Akt and STAT3.
Animal experiments. A total of 80 male C57BL/6J mice (Animal Center of Qiqihar Medical University, Qiqihar, China), aged 5-8 weeks, and weighing 21-24 g were used in the present study. Mice were housed in an environment at a constant temperature and humidity with a 12 h light-dark cycle. Mice were provided with free access to food and water. All the mice were administered with 45 mg/kg pentobarbital (Sigma-Aldrich; Merck KGaA) anesthesia via intraperitoneal injection, and ligation of the femoral artery and its branches near the inguinal ligament and knee joint was performed. A round, full-thickness skin wound with a diameter of 5 cm was also created on the back of the left thighs to establish an ischemic and hypoxic skin ulcer model, as described previously (22) . The mice were divided into four groups; HUVECs (5x10 5 cells) were injected into 40 mice via the tail vein. CXCL-8 (100 ng/ml; 200 mg/kg) was injected around the wound on the left limbs of 20 mice; these were used as the CXCL-8 + HUVEC group, and the other 20 mice without drug injection were used as the HUVEC group. For another 20 mice without any HUVECS, CXCL-8 (100 ng/ml; 200 mg/kg) was injected around the wounds on the left limbs, and these were used as the CXCL-8 group. The same dose of 0.01 mol/l PBS was injected around the wound on the left limbs of another 20 mice with no HUVECs, and these were used as the PBS control group. The wounds were dressed with Tegaderm transparent dressing (3 M, Maplewood, MN, USA). Wound healing was observed 7 and 14 days post-surgery, and the wound healing rate was determined using Image-Pro Plus 7.0 software, as described previously (23) . All animal experiments were approved by the ethics committee of Qiqihar Medical University.
Skin tissue immunostaining assay. Following 7 days of treatment, 10 mice from each group were randomly selected and anesthetized with 45 mg/kg pentobarbital via intraperitoneal injection, sacrificed via cervical dislocation and skin tissue samples were collected. The sections of the tissues were fixed in 4% formaldehyde room temperature for 72 h, and tissue samples were harvested from the remaining mice in the same way following 14 days of treatment. Remaining tissues were used in subsequent western blot analysis. Fixed samples were frozen, cut into sections (50 µm) and dehydrated in at room temperature in an ethanol gradient (70, 75, 80, 90 and 95%) for 5 min, followed by 100% ethanol for 10 min twice. Sections were then sequentially dehydrated in xylene for 10 min twice. Sections were incubated with rabbit anti-human nuclear antigen (hNA; cat. no. ab191181; 1:150; Abcam, Cambridge, UK) or rabbit anti-human cluster of differentiation (CD)-31 factor antibody (cat. no. ab76533; 1:200; Abcam) for 12 h at 4˚C. Sections were subsequently incubated with green fluorescent protein-conjugated goat anti-rabbit immunoglobulin (Ig)-G (cat. no. ab6717; 1:150; Abcam) or rhodamine-conjugated goat anti-rabbit IgG (cat. no. 31670; 1:150; Thermo Fisher Scientific, Inc.) at room temperature for 2 h. Image-Pro Plus 7.0 software was used to measure vessel density and evaluate the extent of vascular endothelial cell homing.
Western blotting. Supernatants from each HUVEC group and mouse skin tissue were preserved in liquid nitrogen. The media was removed and cells or skin tissue were washed twice with ice-cold 0.01 mol/l PBS and lysed using cell lysis buffer (cat. no. P0013; Beyotime Institute of Biotechnology, Haimen, Zhejiang, China). The lysates were collected by scraping from the plates, and then centrifuged at 10,000 x g for 5 min at 4˚C. Total protein quantity was measured using a bicinchoninic acid protein assay kit (cat. no. P0006; Beyotime Institute of Biotechnology) (24) . Protein samples (20 µg) from cell lysates were resuspended in sample buffer (cat. no. P0015; Beyotime Institute of Biotechnology) containing 62 mM Tris-HCl, 2% SDS, 10% glycerol, 5% β-mercaptoethanol and 0.04% bromphenol blue, separated by 10% SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad Laboratories, Inc.). The membranes were washed once with TBS with 0.1% Tween-20 (TBST; Sigma-Aldrich; Merck KGaA) and subsequently blocked for 1 h at room temperature with 5% skim milk in TBST (25) . Blots were incubated with the following primary antibodies: Mouse anti-human VEGF (cat. no. ab11939; 1:200; Abcam), mouse anti-human total-SOD (cat. no. ab66792; 1:150; Abcam), mouse anti-human MDA (cat. no. ab118377; 1:150; Abcam), mouse anti-human Akt (cat. no. ab175354; 1:280; Abcam), mouse anti-human phosphorylated (p)-Akt (cat. no. ab105731; 1:170; Abcam), mouse anti-human STAT3 (cat. no. ab119352; 1:150; Abcam), mouse anti-human p-STAT3 (cat. no. sc-293059; 1:140; Santa Cruz Biotechnology, Inc.) and mouse anti-human GAPDH (cat. no. ab8245; 1:500; Abcam) at 4˚C overnight. Blots were then incubated with goat anti-mouse horseradish peroxidase-conjugated IgG (cat. no. ab6789; 1:250; Abcam, UK). Protein bands were detected using an enhanced chemiluminescence system (Beyotime Institute of Biotechnology) and Image-Pro Plus 7.0 software was used to quantify the relative OD of each protein band, using GAPDH as an internal reference protein.
Statistical analysis. Data are expressed as the mean ± standard error of the mean of at least three independent experiments. Analysis of data was performed using SPSS 18.0 software for Windows (SPSS, Inc., Chicago, IL, USA). Statistical differences between the paired data groups were assessed using independent sample t-tests to generate two-tailed P-values and P<0.05 was considered to indicate a statistically significant difference.
Results

Effect of CXCL-8 on the proliferation and apoptosis of
HUVECs. A CCK-8 assay was performed to assess the proliferation of HUVECs under hypoxic conditions, using the recorded OD values as indicators of proliferative rate. Relative to the HUVEC hypoxia control group, the OD value of the CXCL-8 experimental group was significantly increased by 2.31-fold (P<0.01). In addition, the OD value of the AZD5363 group was significantly decreased by 0.613-fold compared with the CXCL-8 group (P<0.01; Fig. 1A ). An EdU incorporation assay also demonstrated that the rate of cell proliferation was significantly increased by 1.617-fold in the CXCL-8 group, relative to the hypoxia control group (P<0.01), while the cell proliferation rate in the AZD5363 group was significantly decreased by 0.681-fold, relative to the CXCL-8 group (P<0.01; Fig. 1B and C) . In addition, FITC-PI flow cytometry demonstrated that the apoptotic rate of HUVECs in the CXCL-8 group was significantly decreased by 0.761-fold when compared to the hypoxia control group (P<0.01). Relative to the CXCL-8 group, the apoptotic rate of HUVECs in the AZD5363 group was significantly increased by 1.454-fold (P<0.01; Fig. 1D and E) .
Effects of CXCL-8 on HUVEC migration and tube formation.
In a wound scratch assay ( Fig. 2A) , it was observed that wound closure in the CXCL-8 group was significantly increased by 1.518-fold, relative to the hypoxia control group (P<0.01). By contrast, the closure rate of the AZD5363 group was significantly lower (0.743-fold) than that observed in the CXCL-8 group (P<0.01; Fig. 2B ). A Transwell assay (Fig. 2C ) also demonstrated that the migration rate of HUVECs in the CXCL-8 group was significantly higher (1.587-fold) than that of the hypoxia group (P<0.01), while the migration rate of the AZD5363 group was significantly decreased by 0.719-fold, relative to the CXCL-8 group (P<0.01; Fig. 2D) .
A Matrigel tube formation assay was also performed to evaluate the morphology and tube formation capacity of HUVECs under hypoxic conditions (Fig. 2E) . Relative to the normal control group, HUVECs in the CXCL-8 group exhibited a neat arrangement with typical tubular morphology, while those in the hypoxia group exhibited a disordered arrangement with incomplete tube formation. HUVECs in the AZD5363 group also exhibited incomplete tube formation and a dispersed arrangement. The number of HUVEC tubes formed by the CXCL-8 group was significantly higher (3.324-fold) than that in the hypoxia control group (P<0.01), while the number of tubes formed in the AZD5363 group was significantly lower (0.438-fold) than that in the CXCL-8 group (P<0.01; Fig. 2F ). (Fig. 3A) , it was demonstrated that the levels of p-Akt and p-STAT3 in the CXCL-8 group were significantly higher (2.03-and 2.11-fold higher, respectively) than those in the hypoxia group (P<0.01). In the AZD5363 group, levels of p-Akt and p-STAT3 were significantly lower (0.37-and 0.53-fold, respectively) than those in the CXCL-8 group (P<0.01; Fig. 3B and C) .
CXCL-8 affects HUVEC protein expression. Using western blot analysis
To determine whether the effects of CXCL-8 on HUVECs were mediated by Akt signaling, HUVECs were treated with a STAT3 inhibitor (WP1066 group) prior to culture under hypoxic conditions. Results of ELISA experiments indicated that the levels of total-SOD, VEGF and EGF in the CXCL-8 group were significantly higher (3.208-, 3.044-and 2.545-fold, respectively) than in the hypoxia control group (P<0.01). Relative to the CXCL-8 group, levels of total-SOD, VEGF and EGF in the AZD5363 group were significantly decreased (0.804-, 0.406-and 0.653-fold, respectively; P<0.01). In addition, relative to the CXCL-8 group, levels of total-SOD, VEGF and EGF in the WP1066 group were significantly decreased (0.530, 0.293 and 0.429-fold, respectively; P<Fig. 3D-F). Furthermore, the concentration of MDA in the culture supernatant of the CXCL-8 group was significantly lower (0.644-fold) than that in the hypoxia control group (P<0.01), whereas levels of MDA in the AZD5363 and WP1066 groups were significantly increased (1.295-and 1.204-fold, respectively) relative to the CXCL-8 group (both P<0.01; Fig. 3G ).
CXCL-8 promotes the healing of hypoxic skin ulcers.
In a rat model of hypoxic skin ulcers, it was demonstrated that the healing rate of ulcers in the CXCL-8 + HUVEC group was significantly increased, relative to groups treated with CXCL-8 or HUVEC alone (P<0.01; Fig. 4 ). Immunofluorescence staining of the ulcer tissue on days 7 and 14 after surgery demonstrated that vascular density was significantly higher in the CXCL-8 + HUVEC group than in the CXCL-8 or HUVEC groups (P<0.01; Fig. 5A-C) . On day 7 post-surgery, hNA staining was significantly increased in the CXCL-8 + HUVEC group relative to the HUVEC group (P<0.01; Fig. 5D and E) , indicating a greater extent of vascular endothelial cell homing in the CXCL-8 + HUVEC group.
CXCL-8 affects the expression of VEGF, EGF, total-SOD and
MDA in hypoxic skin ulcers. In the hypoxic skin ulcer tissue of the CXCL-8 + HUVEC group, it was observed that the levels of total-SOD, VEGF and EGF were significantly increased by 2.473-, 1.542-and 1.255-fold, respectively, relative to the HUVEC control group (P<0.01; Fig. 6A-F) . In addition, MDA expression in the ulcer tissue of the CXCL-8 + HUVEC group was significantly higher (0.778-fold) than in the HUVEC group (P<0.01; Fig. 6G and H) . 
Discussion
The human body contains numerous cell types, including fibroblasts, vascular endothelial cells, endothelial progenitor cells and mesenchymal stem cells. These cells in particular, along with other stem cells, have a key role in the repair of wounds, inflammation and neurodegenerative diseases (26) (27) (28) . During ischemia and hypoxia, oxygen free radicals and reactive oxygen species are generated by cells (29) . Reactive oxygen species are responsible for cellular lipid peroxidation, resulting in the degradation of polyunsaturated fatty acids into MDA and other compounds. These cause toxic stress in cells and lead to intracellular damage, particularly to the endoplasmic reticulum, Golgi complex and other cell structures, thus reducing cellular activity (30). Therefore, reduced levels of SOD, glutathione and other anti-oxidant reductases leads to an increase in intracellular damage by oxygen free radicals (30). Vascular endothelial cells are essential for the process of angiogenesis, and are a promising cell type for use as a cell-based therapy in the repair of various types of ischemic and hypoxic tissue injury (31, 32) . Stimulating the activity of vascular endothelial cells and other cell types during ischemia and hypoxia may reduce the damaging effects of hypoxia and aid in the repair of damaged tissue.
A previous study demonstrated that increasing the concentration of stromal cell-derived factor-1 locally within tissues may promote host cell homing to the area (33) . Chemokines are a family of peptides that regulate cell proliferation and differentiation and promote chemotaxis. Chemokines are divided into four subfamilies (CC, CXC, CX 3 C and C) according to their structural motifs (33) . Chemokine specificity and complexity of function is enabled by the variety of chemokines and receptors expressed by cells. Selective targeting of chemokine functions may be useful for the treatment of acute and chronic inflammation, angiogenesis, organ fibrosis, rheumatoid arthritis and atherosclerosis (34) (35) (36) .
CXCL-8 binds with CXCR1/2 expressed on the plasma membrane of number of cells, including vascular endothelial cells and mesenchymal stem cells, which promotes stem cell homing and activates vascular endothelial cells during angiogenesis (16, 37) . As the volume of a tumor increases, the center of the tumor becomes deficient in vessels, leading to hypoxia and other microenvironmental changes within the tumor tissue (14, 38) . It has been observed that hypoxia stimulates HeLa cells to express high levels of CXCL-8, which subsequently promotes vascular endothelial cell homing and accelerates angiogenesis, leading to a reverse in the hypoxic environment of the tumor tissue, increased tumor cell proliferation and inhibition of cell apoptosis (38) . During the process of skin wound healing, macrophages secrete high levels of CXCL-8, which then stimulates the recruitment of fibroblasts, vascular endothelial cells, hair follicle stem cells and others to the skin defect area through binding to CXCR1/2 (39) (40) (41) . CXCL-8 also promotes vascular endothelial cell adhesion, accelerates angiogenesis, increases the deposition of extracellular matrix and promotes wound healing, which further indicates the importance of CXCL-8 in wound healing (39, 40) . Thus, the use of CXCL-8 in cell-based treatments for hypoxic diseases may protect the transplanted cells, promote host cell homing and aid the repair of tissue damage.
In the current study, expression of SOD, EGF and VEGF in HUVECs in vitro was increased in the CXCL-8 group, relative to the hypoxia control group. In addition, AZD5363 and WP1066, as specific inhibitors of Akt and STAT3, respectively, caused the elevated expression of VEGF, EGF and SOD following CXCL-8 treatment to be decreased. This suggests that CXCL-8 binding to CXCR1/2 on the surface of HUVECs promotes the secretion of VEGF, EGF and SOD through the phosphatidylinositol-4, 5-bisphosphate 3-kinase (PI3K)/Akt and Janus kinase (JAK)/STAT3 signal transduction pathways. In malignant glioma, it has been documented that the rapid growth of tumor tissue causes hypoxia due to a lack of blood vessels (14) . Hypoxic conditions may promote the expression of CXCL-8 in malignant glial cells and in turn, CXCL-8 may promote the secretion of IL-6, VEGF and other inflammatory factors through the Akt-JAK-STAT pathway, thus inducing tumor metastasis and angiogenesis.
The expression of SOD and other anti-free radical enzymes, as observed in the CXCL-8 group, may alleviate the free radical environment formed by hypoxia. SOD is an anti-oxidant enzyme that reduces the production of free radicals during hypoxia and repairs damaged lipids or DNA molecules (42) . SOD may also reverse tissue injuries caused by reactive oxygen species and promote the recovery of tissue function (43) . MDA is an end product of membrane lipid peroxidation and levels of MDA may be used to indicate the severity of cell stress (44) . MDA itself causes additional membrane lipid peroxidation, leading to damages in the structure and function of the plasma membrane, organelles and other biological membrane structures, along with alterations in cell membrane permeability (45) . Collectively, these effects disrupt the normal physiological and biochemical reactions within cells (46, 47) . The current study demonstrated that levels of MDA were decreased in the CXCL-8 group. This indicates that CXCL-8 may have a key anti-oxidant role, potentially through its stimulatory effects on the expression of VEGF, EGF and SOD in vascular endothelial cells. Indeed these factors are considered to promote degradation of MDA and have protective effects on biological membranes (48) .
CXCR1/2, as the cognate receptor of CXCL-8, is a G-protein-coupled receptor (GPCR) that initiates a downstream signaling pathway (49). The binding of a chemokine to its appropriate GPCR induces the associated G-protein to exchange guanosine diphosphate for guanosine triphosphate (GTP). In the active state (GTP-bound), the G-protein dissociates into G α and G β subunits, which then interact with various other proteins to continue the signaling pathway. G-protein activation triggers a series of reactions, including the cleavage of phosphatidylinositol 4,5-biphosphate into the second messenger molecules inositol trisphosphate (IP3) and diacylglycerol. IP3 induces the release of calcium ions from the endoplasmic reticulum, and thus the mobilization of calcium is a key indicator of chemotactic factor activity and subsequent cell homing (50) .
The current study demonstrated that CXCL-8 promotes the expression of SOD and VEGF in HUVECs (51) . A previous study documented that CXCL-8 reduced damage to microfilaments and microtubules caused by reactive oxygen species, and promoted the chemotactic movement of HUVECs (52) . In the current study, the effects of CXCL-8 on HUVEC cells were blocked by Akt inhibitors, resulting in reduced proliferation and migration, thus suggesting that Akt may serve a key role in the process of HUVEC migration (53) . Although the PI3K/Akt and JAK/STAT3 signal transduction pathways are involved in the effects of CXCL-8 in vascular endothelial cells (53) , the effects of CXCL-8 may also be transduced by extracellular signal-regulated kinase and other signaling molecules, though the associated mechanisms warrant further investigation (53,54).
It has been previously documented that CXCL-12 (also known as stromal cell derived factor-1) may promote the migration of bone marrow mesenchymal stem cells (MSCs) (55) , and the expression of VEGF and other cytokines in MSCs through Akt signaling, leading to enhanced angiogenesis and improvements in cardiac function during myocardial infarction (56) . As CXCL-8 and CXCL-12 belong to the same protein family, the current study evaluated the roles of CXCL-8 in hypoxic disease, using a rat model of hypoxic ischemia in lower extremity wounds. Relative to the PBS control group, it was observed that the ischemic wound area was reduced by CXCL-8 treatment, and the rate of wound healing was significantly increased. Immunofluorescence staining also demonstrated that the expression of SOD and CD31 (a vascular endothelial cell marker) were increased in the skin ulcer tissue following CXCL-8 treatment. This indicated that CXCL-8 may promote the expression of anti-oxidant proteins and protect vascular endothelial cells against damage by free radicals in hypoxic tissue. CXCL-8 may also promote homing of vascular endothelial cells to the skin ulcer area to increase angiogenesis, reduce hypoxia and accelerate ulcer healing. The healing of skin wounds involves the secretion of numerous cytokines and interactions between fibroblasts, vascular endothelial cells and various other cell types (39) . As the present study evaluated the effect of CXCL-8 on only vascular endothelial cells, studies into the effects of CXCL-8 on other cell types are warranted. Nevertheless, results of the current study indicate that the use of CXCL-8 to activate protective mechanisms within host cells and recruit cells in the process of tissue repair may aid to improve anti-hypoxia cell-based therapies.
In conclusion, CXCL-8 may stimulate HUVECs through a paracrine signaling pathway to inhibit damage caused by hypoxia and promote angiogenesis. Currently, the use of MSCs and other stem cells in the repair of human tissue damage has a range of potential applications (57, 58) . The use of CXCL-8 in cell-based therapies may promote cell homing, protect cells, promote angiogenesis and accelerate the repair of damaged tissue (40) . Future studies are now warranted in animal models of ischemic heart disease and diabetic neuropathy, to determine the effects of MSCs overexpressing CXCL-8 and the corresponding mechanisms of action, particularly regarding ischemic disease. Results from the present and future studies may promote the use of cell-based therapies for the clinical treatment of ischemic and hypoxic diseases.
